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Abstract 
Anaerobic digestion of Food Wastes (FW) was investigated in batch mesophilic tests. Scope of 
this work was to evaluate the efficiency of thermal pretreatment on the solubilisation degree of 
FW, alone or mixed with typical Mediterranean agro-wastes  as olive husks (OH), and to evaluate 
the digestion enhancement potential of pretreatment and co-digestion strategy in terms of methane 
and hydrogen conversion rates of FW. Co-digestion was carried out by mixing FW and olive 
husks, untreated or thermal pre-treated. Thermal pretreatment was efficient in solubilising the 
organic material of FW (soluble COD increase up to 35%) and of the mixture FW and OH (up to 
+96%), in particular carbohydrates. After 30 days of digestion, an overall good anaerobic 
biodegradability of FW alone was observed, with methane yields in the range 0.350 – 0.592 
Nm
3
/kgVSfed, overshadowing the effect of pretreatment, that affected positively only the 
hydrogenogenic phase. Moreover, also co-digestion with OH was a successful option for 
encouraging hydrogen conversion rate, which was found to be more than double compared to sole 
FW substrate digestion. Nevertheless, thermal pretreatment coupled with high sugars substrates as 
OH set the conditions for Maillard reactions occurrence, decreasing the conversion to methane.  
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1. INTRODUCTION 
About 100 million tonnes of food is wasted annually in Europe, agri-food waste and fish discards 
not included, and about 1.3 billion tons per year is wasted globally. Moreover, agri-food industries 
are responsible for further amounts of organic wastes, characterized by a high biodegradability, 
which makes them unsuitable for landfilling, even if they are not hazardous materials. AD seems 
to be a promising option to divert these wastes from the landfill and to meet the increasing energy 
demand, as it uses exactly the organic fraction of the substrate for energy production (H2 and 
CH4), adding a surplus value to the substrate. Cafeteria FW includes both uneaten food and food 
preparation leftovers and it is different in its day by day composition, resulting in varying degrees 
of hydrogen and methane yields. Thus the effects of mixing various types of food waste should be 
determined on a case by case basis. In general, FW is characterized by a high volatile solid and 
moisture content, which makes it a perfect substrate for AD (Zhang et al., 2007). FW has a good 
potential for methane and in particular hydrogen production since it is rich in carbohydrates, 
which are reported to be the most suitable feedstock for biohydrogen production (Lay et al., 2003). 
Hydrogen is considered as an important energy carrier with a great potential and its production 
through organic biomass fermentation seems to be one of the most promising alternatives.  
A major concern about AD is the long retention time required by the process; therefore thermal 
pretreatments to accelerate the rate limiting hydrolysis of particulate matter and to enhance 
digestion performances have been investigated in the last years, in particular for sludge.  
Co-digestion is another concept employed in AD, where one waste stream is mixed with another 
one in order to economically allow sharing costs associated with the treatment and provide 
additional advantages to the AD, such as dilution of toxic and inhibitory compounds, improved 
balance of nutrients, synergistic effect of microorganisms and higher biogas yield. Obviously the 
economic feasibility of co-digestion is largely affected by the availability of organic waste on the 
territory. Olive mill residues are well-known for their high organic matter content, as well as the 
presence of recalcitrant phenolic compounds. Due to the seasonality of olive mill industries, the 
amounts of organic residues generated may therefore give rise to storage problems or render 
mono-substrate digestion not cost-effective. For overcoming this problem, olive mill by-products 
should be co-digested with other locally available waste streams. 
On the basis of these considerations, the anaerobic digestion process could be enhanced by 
integrating a disintegration pre-treatment step, in order to enhance hydrolysis rate, or by co-
digesting different substrates to increase biodegradability minimizing inhibitory effects.  
The aim of this work was therefore to investigate the efficiency of thermal pretreatment on the 
solubilisation degree of FW, alone or mixed with OH, and to evaluate the digestion enhancement 
potential of pretreatment or co-digestion strategy in terms of methane and hydrogen conversion 
rates of food wastes.  
2. MATERIALS AND METHODS 
2.1. Substrates and inoculum 
The OH used in this work were collected from a olive oil factory located in Lazio region equipped 
with a two-phase continuous process, while FW samples were collected from a cafeteria in the 
research area Roma 1 of CNR Before thermal pretreatment or digestion test, FW was mixed with 
tap water at the weight ratio 1:1 and then shredded by a lab-scale knife mill. OH was previously 
diluted at the weight ratio 1:4 using tap water. Table 1 shows the general physical and chemical 
properties of these substrates. Inoculum was sampled from a mesophilic anaerobic digester and 
batch acclimated and degassed before starting the tests.   
Table 1. Characterization of FW and OH investigated in this work. 
 Cafeteria FW OH 
pH 4.8-5.5 5.6 
VS (%) 12-15 21 
VS/TS (%) 95-97 89 
Total COD (g/L) 165-180 310-390 
Soluble Polyphenols (gGallic acid/L) - 2.2-2.6 
2.2. Thermal pretreatment 
The thermal pretreatment of the substrates was carried out by a bench scale autoclave Laboklav 
25b, with total capacity of 25 L and able to work at Tmax = 134°C and pmax = 3.2 bar. The 
pretreatment time was set at 20 min on 300 mL of sample. 
2.3. Anaerobic digestion tests 
The Biochemical Methane Potential (BMP) was evaluated in mesophilic conditions (37°C) with 
bench scale anaerobic flasks (0.3 L), operated in batch mode. Each bottle was partially filled with 
inoculum and substrate, according to a ratio equal to 0.6 between their VS content. The substrate 
investigated in this study was FW alone or mixed with OH, either untreated or thermal pretreated. 
Blank control tests were performed. At the beginning of the first FW digestion test the pH was 
around 8, while in the second FW digestion test pH was set to 7. During the co-digestion with OH, 
initial pH was already 7, and pH correction was performed after 6 days digestion with sodium 
carbonate addition.  
2.4. Analytical methods 
Total and volatile solids were determined according to the standard methods. To analyse the 
soluble phase, the particulate sludge matter was removed by centrifugation (10 min at 4000 rpm) 
and resulting centrate was filtrated through 0.45 μm pore size membrane filters. Soluble COD 
(sCOD) was measured by means of COD Cell Test by Spectroquant Merck. The soluble 
polyphenols content was determined using the Folin-Ciocalteau micro-method. To analyse the 
colloidal phase, samples aliquots were filtered through 1.2 µm filters and the supernatant was used 
for proteins and carbohydrates determination. Proteins content was calculated by means of the 
Modified Lowry Kit for Protein Determination, Sigma–Aldrich P 5656. Carbohydrates 
determination was based on a modified Dubois (1956) method. The biogas composition was 
measured using a PerkinElmer Auto System Gas Chromatograph equipped with a thermal 
conductivity detector (TCD). 
3. RESULTS AND DISCUSSION 
3.1. Effect of thermal pretreatment 
For FW and, in particular, OH the organic substance was mostly in particulate form. After the 
pretreatment, total and volatile solids content did not change significantly, suggesting that, in these 
conditions, no mineralization or evaporation occurred. Conversely, organic matter release into 
solution was considerable for both substrates, particularly for the mixture FW+OH (35.2% for FW 
and 96.3% for FW+OH). Moreover, as consequence of the thermal treatment, a significant 
increase of soluble polyphenols was observed for the pretreated FW+OH sample reaching a 
maximum value of 690 mg/L. Even so, this value was below the threshold of 1 g/L reported in 
literature as the inhibition level for the anaerobic methanogenesis. 
3.2. Anaerobic biodegradability 
The anaerobic biodegradability of FWs was verified through batch anaerobic digestion tests. The 
effect of the thermal pretreatment and co-digestion with OH on digestion performances was 
evaluated, too. The results of the digestion tests are reported in Table 2.     
Table 2.Batch anaerobic digestion results. 
 FW FW with pH correction FW+OH 
 Untreated Pretreated Untreated Pretreated Untreated Pretreated 
Methane yield (Nm
3
/kgVSfed) 0.592 0.527 0.411 0.350 0.364 0.069 
Methane content in biogas 
(%) 
59.1 58.5 49.5 44.4 59.3 56.7 
Hydrogen yield 
(Nm
3
/kgVSfed) 
- - 0.005 0.021 0.061 0.066 
 
The highest specific methane yield of 0.59 Nm
3
/gVS was observed in the case of untreated food 
waste digestion at pH 8, while the same substrate, but pre-treated, reached  0.53 Nm
3
/gVS of 
methane yield. These results are similar to the data reported by Cabbai et al. (2013), where canteen 
FW produced 0.57 Nm
3
/gVS. In the case of the FW digestion tests carried out at lower pH, alone 
or in co-digestion, the methane productions were significantly lower, just due probably to the low 
pH value, which interfered negatively with the methanogenesis. However after 30 days, tests 
showed an overall good anaerobic biodegradability except for the co-digestion with pre-treated 
FW-OH sample. The considerable disparity in the specific yields obtained in this case is the 
consequence of a decreased biodegradability, which is likely to be due to the triggering of 
Maillard reactions. It was observed that after the thermal pretreatment the sample turned darker in 
colour, which was a clear hint of the happened reaction. Cumulative productions of methane are 
presented di in Figure 1. 
(a)                                                                                  (b) 
Figure 1. Cumulative methane productions of FW alone (a) and in co-digestion with OH (b), for both 
untreated and pretreated substrates.  
 
What emerged from macromolecular analysis was that protein degradation was low, while soluble 
carbohydrates were consumed at a higher rate and their uptake was practically accomplished by 48 
hours of digestion. The presence of this easy degradable fraction allowed a very short lag phase 
(almost negligible) before digestion starts. Protein degradation was slower and usually started after 
carbohydrates were no longer available.  
At the early stage of fermentation (0-20 hours), the hydrogen yield increased and was complete by 
24 hours for sole FW and by 48 hours for the co-digestion with OH. In this initial phase of the 
digestion, H2 content in biogas was in the range 30-32% for the co-digestion test and only 3-11% 
for the FW. Compared to the untreated mixture, the hydrogen yield of the pretreated sample of 
FW-OH improved by +34% as a result of organics solubilisation due to thermal hydrolysis. The 
effect of pretreatment was evident also for the FW digestion, but with lower yields then the co-
digestion. The substantial variation in the total amount of hydrogen produced is attributable to the 
difference in the composition of the two types of substrate: the FW-OH mix reported a much 
higher concentration of carbohydrates compared to the sole FW one.  
4. CONCLUSIONS 
Thermal pretreatment enhanced organics solubilisation (soluble COD increase was up to 96,3% 
for the FW-OH substrate mix), in particular carbohydrates, thus inducing a much higher hydrogen 
production for both the substrates tested. Even if pretreatment effect was evident and considerable 
for hydrogen production, it was completely negligible for biogas and methane yields. Co-digestion 
of FW with OH was a successful option for encouraging and improving hydrogen production, 
which was found to be more than doubled compared to sole FW substrate digestion. Anyway it 
seems likely that lowering further the initial pH (in this case set to 7.0) in FW digestion 
experiments could lead to an increased hydrogen outcome, fulfilling at least partly the gap 
between the two substrates. Co-digestion reported the lowest yields in methane production, after 
the hydrogenogenic phase was ceased.  
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